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1.  INTRODUCTION

Atlantic salmon Salmo salar aquaculture is a boom-
ing industry in the North Atlantic region. Typically,
salmon aquaculture occurs in coastal habitats such as
fjords and inlets where fish are kept in large net-
pens and fed pelleted feed until they have reached
commercial size for harvest. In Norway, more than

1000 locations are approved for aquaculture produc-
tion, with between 500 and 700 farms active at any
given time due to fallowing. A growing body of evi-
dence indicates that such farms may have a consider-
able ecological impact on local ecosystems (Busch -
mann et al. 2006, Edwards 2015, Keeley et al. 2019);
the high concentrations of salmon within farms may
lead to rapid growth of salmonid parasites such as
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ABSTRACT: Salmon farming in marine net pens is a major activity in many temperate regions.
This industry may affect coastal ecosystems in several ways, such as with waste pollution and par-
asite spillover. Less is known about the extent to which salmon farming disrupts the use of inshore
spawning grounds by wild fish, such as the Atlantic cod Gadus morhua. Acoustic telemetry was
therefore used to explore cod space use during the spawning season in a coastal region in mid-
Norway with multiple salmon farms. Acoustic receivers were placed in clusters at 5 known cod
spawning grounds and 6 nearby salmon farms. Data from 481 adult cod caught at the spawning
grounds during 2017−2019 and equipped with acoustic telemetry transmitters were analysed.
Overall, fewer fish were detected at farms than spawning grounds, even when accounting for dis-
tance from release point. Individual cod residency (days detected / duration of spawning period)
was generally higher at the spawning grounds close to farms but low at the farms themselves,
with little apparent spawning at the farm localities. In contrast, spawning was clearly occurring at
the nearby spawning grounds, with cod spending weeks (n = 316) or months (n = 158) there dur-
ing the spawning period. Males had longer residence times at spawning grounds than females,
likely linked to the cod mating system. Overall, we found little support for the assertion that
salmon farms disrupt inshore spawning dynamics of cod using nearby spawning grounds presently,
either by attracting spawners to farms or causing fish to leave these grounds.
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sea lice which may be transferred to wild salmonids
(Krkosek et al. 2007, Torrissen et al. 2013), faecal
matter and pellet waste may enter the food web
(Dempster et al. 2009, 2011), benthic community
structure and sediment biogeochemical functioning
might be altered (Brooks et al. 2003, Valdemarsen et
al. 2012, Keeley et al. 2017, Woodcock et al. 2018)
and, particularly pertinent to the present study, farms
may attract large fish assemblages (Dempster et al.
2002, 2009, Uglem et al. 2009). In the case of saithe
Pollachius virens, the presence of salmon farms may
have altered the species’ life-history dynamics, lead-
ing to a fjord-population that spends its entire life
within fjords, whereas before the arrival of salmon
farms, saithe would leave the coast and migrate to
offshore spawning areas (Ottera & Skilbrei 2014).
Clearly, there appears to be considerable scope for
salmon farming to affect the spawning dynamics of
wild heterospecific fish.

Another species found underneath salmon farms
along the Norwegian coast is Atlantic cod Gadus
morhua (Dempster et al. 2009, 2011), or perhaps most
likely and more specifically, the Norwegian coastal cod
(NCC) — the common name given to cod found along
the Norwegian coast. Genetic studies generally point
to differentiation along the Norwegian coast line
(Barth et al. 2017, Dahle et al. 2018, Jo hansen et al.
2020), while conventional and acoustic tagging typi-
cally indicate limited movement and a high degree
of residency (Espeland et al. 2008, Moland et al. 2013).
Unlike the migratory and ge netically distinct north-
east Arctic cod (NEAC) (Nord eide et al. 2011, Berg
et al. 2016), the NCC has dwindled in numbers
since the early 1990s and is estimated to be close to
or at an historical low (ICES 2020). Thus, there is con-
siderable impetus for examining how salmon farm-
ing might impact local NCC populations.

It has been unequivocally demonstrated that both
juvenile and adult cod may be found underneath
aquaculture farms (Dempster et al. 2009, 2011), but
how their presence may affect the reproductive out-
put of adults is not clear. Studies on fitness proxies
have generally not indicated any negative effect of
farming (Dempster et al. 2011, Barrett et al. 2018).
However, these studies have not targeted how salmon
farms may alter the behaviour and movement of cod
in relation to usage of traditional spawning grounds.
Across their geographical range it has been shown
that cod, especially amongst the less migratory pop-
ulations, may return to the same spawning grounds
yearly (Robichaud & Rose 2001, Skjæraasen et al.
2011). Dean et al. (2014) found that not only did cod
return to the same spawning ground each year but

that the interannual difference in average location on
the spawning ground of individual cod varied by less
than 10 m. Cod spawning grounds are typically found
along underwater features such as slopes or under-
water mounts (sensu Ames 2004) and, in many cases,
areas where retention of eggs and early life-stages
are high (Hutchings et al. 1993). In summary, cod
spawning grounds are not randomly lo cated, and their
location may matter, at least to some extent, for the
survival of the offspring through the early life stages.

To investigate the potential effects of salmon cage
farming on NCC life history, the project ‘Impacts of
salmon farming on Atlantic cod spawning grounds’
(ICOD) was established in 2015. This project em -
ployed a variety of approaches, one of which was
acoustic telemetry techniques, the results of which
are the focus of the present study. This approach was
used to examine the spawning dynamics of NCC at
5 known spawning grounds in a fjord complex in a
coastal region of Mid-Norway. Two of the spawning
grounds were situated close to operational salmon
farms, whereas 3 spawning grounds were further
away from any farm locations (see Fig. 1). Fish were
caught at each of these spawning grounds, tagged
and released at their capture ground. We then exam-
ined fish movement, residence time and behaviour
on these spawning grounds to assess the potential
impacts of salmon farming on the spawning dynam-
ics of cod on nearby spawning grounds.

2.  MATERIALS AND METHODS

2.1.  Deployment of grid

The telemetry grid used in the present study con-
sisted of 30 Vemco VR2W receivers deployed in
November 2016 (Figs. 1 & S1, Table S1 in the Supple-
ment at www.int-res.com/ articles/ suppl/ q013p399_
supp.pdf). Based on prior conversations with fisher-
men and the results of concurrent egg surveys show-
ing the presence of recently spawned cod-sized
eggs, most receivers (n = 25) were placed at stations
centred in 5 different clusters, including 2 in spawn-
ing grounds close (<1 km) to large salmon farms
(Glasøysvaet [C1, Stns 15−18] and Lauvøysvaet [C2,
Stns 19−25]) and 3 control clusters (Araneset [C3,
Stns 1−5], Åkvika [C4, Stns 6−9] and Dromnessundet
[C5, Stns 10−14]). The control clusters were deployed
in spawning areas situated >5 km away from any
large salmon farms. Six receivers were also deployed
at the farming locations closest to these focal clusters
(Stns 28−33; Figs. 1 & S1, Table S2).
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Four of the receivers deployed at the salmon farms
were initially hung off central mooring locations at
the farms. All remaining receivers were deployed on
rigs anchored to the sea bottom by 2 iron chains with
a total weight of 112 kg. The receivers themselves
were primarily placed at ~10−12 m depth (Table S1)
with the hydrophone facing down and, for rigs an -
chored to the bottom, with a sub-surface float at ~8 m
depth. From the sub-surface float to the surface, a
secondary rope weighted down with chains was
attached to a surface marker buoy fitted with a blink-
ing marker light. Generally, all deployed receivers
were kept at the same location (i.e. station) and re -
corded data for the duration of the study. Any excep-
tions are detailed in Table S1.

2.2.  Fish capture

Fish capture was carried out in the same way in the
3 tagging years (2017−2019). Fishing would com-
mence in late January/early February and last for

about 2 wk (Table S2). The yearly
goal was to capture 40−60 fish from
each cluster to ensure enough matur-
ing males and females for tagging,
although this was not always possible.
Fishing was primarily done with the
use of 2-chamber baited pots to min -
imize physical damage to the fish.
These were typically deployed at
5−25 m depth to avoid barotrauma
(Humborstad et al. 2017), with a max-
imal soak time of 48 h. In 2018, catches
in C3−C5 were augmented by hook
and line fishing. Post-capture fish were
transported to the tagging site at Vikan
(63.3804° N, 8.2011 E°) and placed in 5
individually marked net-pens (2 m dia -
meter, 3 m deep, 9 m3 volume).

2.3.  Sampling and tagging procedure

All fish were tagged in mid-Febru-
ary (Table S2). Cod were sedated
using a mixture of benzocaine (1.5 ml
per 10 l seawater) and metomidate
(5 ml per 10 l seawater) and measured
for total weight and length. Fish were
tagged externally with T-bar tags (Hall -
 print), and 25−51 individuals from
each cluster were also tagged with an

internal acoustic transmitter every tagging year (see
Table 2). The transmitter was inserted into the ab -
dominal cavity through a 2−3 cm surgical incision
made between the pelvic- and anal fin. The incision
was then closed using absorbable sutures. Fish were
also sexed, and their maturity stage was evaluated
with the use of ultrasound (Karlsen & Holm 1994). In
2018 and 2019, fish gender and female maturity stage
were further ascertained by taking biopsy samples
from all fe males (Witthames et al. 2009). After re -
covering in the net-pens for 1−2 d post-sampling, fish
were released within their respective catch-clusters
in the area where most catches had occurred (Fig. 1).

2.4.  Tag specifications

In 2017 and 2019, fish were tagged with individu-
ally coded transmitters (Vemco V13P-1x-A69-9006;
n2017 = 194, n2019 = 189). These transmitters operated
on a frequency of 69 kHz and were programmed to
transmit a signal on average every 250 s (range:
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Fig. 1. Positions of the 30 stations providing data for the present study. Farm
represents the location of salmon farms where a receiver was deployed. Insert
in the top right corner shows the study area location, boxed, on the Norwegian
coast. Transparent circles: approximate detection range of the receivers as cal-
culated from range testing (i.e. outer circle edge represent approximate dis-
tance where 50% of tag transmissions are expected to be detected; see Text S1,
Tables S3−S4, Figs. S2−S7 in the Supplement for further details). Diamonds:
average re lease positions of fish post-tagging in each catch cluster; different
stations are coloured according to the spawning ground they are monitoring
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200−300 s). All tags were equipped with a pressure
(depth) sensor operating down to 132 m and weighed
6.5 g in water (∅: 13 mm, length: 48 mm). Tags were
programmed to turn off after 860 (2017) or 807 (2019)
d to avoid problems with the separation of fish not
being present and batteries being exhausted. In
2018, fish were again tagged with individually coded
transmitters (Vemco V13TP-1x-A69-9006; n = 175)
with the same transmission specifications as in 2017
and 2019. However, these TP tags alternated be -
tween transmitting pressure (P) or temperature (T) in
addition to Tag ID. The ratio between T and P trans-
missions was set to 1:1. Tags were programmed to
turn off after 920 d. In the present study, only Tag ID
information was used.

2.5.  Data download and grid maintenance

Generally, data was downloaded from all receivers
twice yearly, and batteries changed in all receivers
every 12 mo (see Table S2). Additionally, the surface
buoys with marker lights were checked and main-
tained approximately monthly. The detection range
of the receivers deployed at the stations was esti-
mated through range testing (Fig. 1), and the contin-
ued logging of detections and functioning of the grid
was ascertained through the deployment of refer-
ence tags in each focal cluster and the examination of
pings to detections ratios. For further details on these
analyses see Text S1, Tables S2−S5, Figs. S2−S7.

2.6.  Data analyses

To examine the potential impact of salmon farming
on reproductive dynamics of cod on nearby grounds,
we examined the occurrence of cod at the salmon
farms during the spawning period and whether resi-
dence times indicated spawning activity was taking
place underneath the farms, whilst comparing this to
residence times at the different spawning grounds.
Finally, we examined aspects of reproductive dynam-
ics on each of the monitored spawning grounds, i.e.
the residence index and linkage to other grounds, to
evaluate if such metrics could be affected by farm
proximity and to shed further light on the cod mating
system in general.

All analyses, graphing and mapping were done
using RStudio with R v.4.0.2 (R Core Team 2020). All
graphing was done using ‘ggplot2’ (Wickham 2016),
and mapping of the data was done using ‘qqmap’
(Kahle & Wickham 2013). Organizing the data was

done using the ‘tidyverse’ package (Wickham et al.
2019). Data analyses were conducted using the base
library of R in addition to a variety of other packages
when necessary. These latter packages are listed in
the descriptions of the specific statistical analyses in
which they were used. All model selection proce-
dures followed the sample principle approach. An
initial model was first employed, followed by use of
the dredge command of the ‘MuMIn’ (Barton 2020)
library or the sequential removal of non-significant
terms to arrive at the most parsimonious model with
the lowest value of Akaike’s information criterion
adjusted for small sample sizes (AICc). All variables
that had been included in the best model or in a
model with an AICc score less than 2 higher than the
best model were retained for the final model used
in the analyses, given that these models have been
given similar empirical support (Hurvich & Tsai 1989).

2.6.1.  Initial filtering and screening

The data included in the present study covers the
period from 15 February 2017 (the first release of
fish) to 17 May 2020 (date of data download). Before
conducting any analyses, the data of all individual
fish were filtered based on logged depths, removing
data where fish lacked vertical movement (other
than that expected from tidal differences alone) for
>7 d (Villegas-Ríos et al. 2020). If the latter was found
immediately post-release, all data for this individual
were omitted, as it was deemed that the fish had not
survived the tagging and release process. If this situ-
ation occurred after an initial period of vertical move-
ment, only the data from the period of non-move-
ment was omitted, as it was inferred that the fish had
succumbed to natural or fishing mortality sometime
after its release. This initial filtering left 9 874 590
detections in our database. A given transmission may
also reach several loggers. A minimum off time of
200 s was programmed for each tag. To avoid inclu-
sion of multi-detections, we filtered the data so that
only the first logged detection was included if a
transmission from the same fish with the same sensor
value had been recorded on multiple loggers within
200 s. To align receiver clocks, we used the time auto-
correct function in the software Vue v.2.6.2 (Vemco)
before exporting the data. This function uses a linear
correction of the drift of the receivers’ internal clock
compared to the correct time, with the latter given by
the time stamp from the computer satellite clock at
the time of receiver initiation and data download.
Finally, we screened the data for possible false detec-
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tions by omitting days where only a single detection
was recorded for a given fish. This left 9 159 176
valid detections from 536 fish in the filtered data set.
For the present study, we focussed on mature and
sexed fish (n = 504) during the spawning period only.
The spawning period was defined as the months of
February to April, based on information gleaned
from local fishermen, concurrent egg surveys (van
der Meeren 2019) and examination of the female
biopsy samples (authors’ unpubl. data). This left us
with a final data set containing 3 579 882 detections
from 481 mature and sexed fish. For the mature and
sexed fish not yielding data for the present study (n =
23), 10 were deemed to not have survived the tagging
and release process and 13 were never detected.

2.6.2.  Number of cod at farms vs. spawning grounds

We then tested if the amount of fish (FISH) re -
corded at farmed stations differed from that of non-
farmed sites (ST_TYPE), i.e. spawning grounds. We
also took into account the possible effects of (1) dis-
tance (DIST) a given fish had to swim to get to the
station where it was detected, i.e. the Euclidean dis-
tance from the release site to the detection station, (2)
the number of fish released at the site yielding that
particular distance (NREL) and (3) the number of
years since release (YSR; release year given the
value 1). Initial exploratory scatterplots indicated a
non-linear response between distance and number
of fish detected, and therefore we fitted a general-
ized additive model (GAM) to the data using the
‘mgcv’ library (Wood 2011):

FISH = s (DIST) + NREL + YSR + ST_TYPE + 
expyear

(1)

where expyear is the random effect of experimental
year. DIST was smoothed in the GAM model, whereas
the other terms were included as linear parametric
effects. Numbers were further weighted by (1) the
total number of detections to allow stations where
fish had spent more time to have more weight in the
analysis and (2) the inverse of the number of logging
days for each station, given that the number of fish
detected is expected to be positively associated with
the number of logging days.

2.6.3.  Residence index during the spawning period

Residence (a measure of fidelity) is commonly used
in telemetry studies. Therefore, we calculated a resi-

dence index (Res_Index) to examine the potential
influence of farm proximity on this metric, defined
here as the percentage of time a fish was detected
during the pre-defined spawning period from 1 Feb-
ruary to 30 April. This index was calculated by sum-
ming the number of days a fish had been detected
and dividing this number by the total number of
days of the spawning period. If experimental year
equalled release year, the duration of the spawning
period was adjusted by subtracting the number of
days in February that had passed before fish release.
Fish that were reported caught or inferred to have
suffered natural mortality based on their depth pro-
file during the spawning period were not included in
these analyses. This index was calculated in 2 ways,
using either (1) catch cluster (CCLUSTER) or (2)
AREA as the grouping unit. AREA is a categorical
variable with 6 levels (i.e. the 5 different spawning
grounds and the farms). The difference between the
2 analyses is that for the latter, the residence index
would be split between the spawning grounds or the
farms if a fish was detected on multiple grounds. In
the model, the categorical variable SEX was also
included as an explanatory variable, and expyear
was included as a random factor:

Res_Index = CCLUSTER/AREA + SEX + 
expyear

(2)

The test was followed by Tukey’s post hoc tests for
multiple group comparisons.

2.6.4.  Residence times on spawning grounds vs. farms

To examine possible differences in spatiotemporal
patterns at farm and spawning ground stations, resi-
dence time (Res_Time) was calculated using the
VTrack library (Campbell et al. 2012). Res_Time was
defined as the time from the first to the last detection
of an individual cod at a given station, ending if (1)
the cod was detected at another station or (2) there
was a period of >6 h without detections. At least 2 de -
tections were required before a residence was as -
signed. Given that residence at a station ends if a fish
is de tected at another station and the distance to the
neighbouring receiver generally is larger for the
farmed stations, we calculated residence times for
stations in 2 runs before pooling the results of the
runs prior to analyses. Neighbouring stations were
not included in the same run to prevent receiver
spacing from influencing our results. The following
initial linear mixed-effect model was then fitted to
the data:
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Res_Time = AREA + SEX + station / 
serial + expyear

(3)

Serial (FishID) nested within station and expyear
were the random effects included in the model. Resi-
dence time (in s) was log transformed in the analyses.
The initial model run was followed by Tukey’s post
hoc test to compare the different areas.

We also wanted to investigate whether it was
likely that spawning had taken place underneath
the farms, or alternatively, somewhere within each
spawning ground cluster. To examine if this was
happening, we again calculated residence time
using the same criteria as described above, but now
considering all receivers in each spawning ground
cluster as one unit. From these data, we selected
the longest uninterrupted residence time each in -
dividual had re corded at (1) the spawning grounds
and (2) the farms during the spawning period for
each experimental year. Potential differences in
the longest residence times between the different
spawning grounds and the farms were tested with
the model given in Eq. (4) followed by Tukey’s post
hoc tests:

Maximum_Res_Time = AREA + SEX (4)

2.6.5.  Origin of fish at the different
spawning grounds

Finally, we examined if there was a
difference between spawning grounds
in the likelihood of fish detected there
not originating from that catch cluster.
To determine this, we created the vari-
able Migrant for all fish that had been
detected at a spawning ground. Fish
were given a value of 0 if they ori -
ginated from the catch cluster re -
leased on the spawning ground in
question and 1 if they originated from
a different catch cluster. We then used
a generalized linear model (GLM) to
test if there was a difference between
the spawning grounds in the like -
lihood of a detected fish being a
migrant, where Migrant was treated
as a binomial response variable and
Spawning Ground as a categorical ex -
planatory variable. Group-wise com-
parisons were done by a Tukey’s post
hoc test.

3.  RESULTS

The average number, length and mass statistics
for the 481 sexed mature cod Gadus morhua that
yielded data for the study are given in Table 1. Sizes
were similar between catch clusters, with the only
consistent difference found being that fish in Lau-
vøysvaet were larger than fish at Araneset (Tukey’s
post hoc, p < 0.01). Females were consistently larger
than males (p < 0.0001; Table 1).

3.1.  Number of fish detected at spawning grounds
vs. farms

There was a distinct non-linear effect for the num-
ber of fish detected in relation to the distance fish
had to swim to get to a station. Most fish had moved
a relatively short distance, with the numbers quickly
decreasing with distance and becoming more or less
stable if a fish had to swim >5 km (p < 0.0001; Table 2,
Fig. 2). The number of fish detected also increased
with the number of fish re leased (p < 0.0001; Table 2),
and number of de tected fish decreased with year
since release (p < 0.0001; Table 2, Fig. 2). Given that
spawning ground stations generally were closer to
the release sites, the highest numbers of fish de -
tected were at spawning ground stations (Fig. 2).
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Area (n) Females Males
Length (cm) Weight (g) N Length (cm) Weight (g) N

2017
C1 (38) 63.3 (±16.3) 3267 (±2986) 20 63.3 (±7.5) 2839 (±1144) 18
C2 (46) 76.5 (±15.6) 5779 (±3686) 23 61.5 (±8.2) 2647 (±1055) 23
C3 (41) 68.8 (±11.6) 3601 (±2043) 22 59.5 (±7.3) 2242 (±863) 19
C4 (30) 73.4 (±12.7) 4634 (±2239) 14 61.3 (±10.1) 2507 (±1057) 16
C5 (34) 65.7 (±13.5) 3590 (±2564) 19 58.3 (±6.9) 2126 (±793) 15

2018
C1 (31) 75.5 (±11.6) 4827 (±2288) 9 66.6 (±7.5) 3338 (±1151) 22
C2 (32) 72.6 (±11.8) 4503 (±2326) 11 64.2 (±17.0) 3345 (±3341) 21
C3 (23) 71.0 (±11.9) 4278 (±2669) 10 59.1 (±9.6) 2334 (±1232) 13
C4 (43) 69.5 (±7.9) 3860 (±1440) 16 63.8 (±11.6) 3175 (±2028) 27
C5 (18) 69.4 (±11.5) 3921 (±2091) 8 66.8 (±12.4) 3658 (±2338) 10

2019
C1 (31) 75.0 (±15.0) 5191 (±3334) 15 65.4 (±7.0) 3182 (±1065) 16
C2 (26) 76.7 (±12.7) 5254 (±2766) 13 68.2 (±9.3) 3501 (±1449) 13
C3 (17) 68.1 (±5.3) 3167 (±752) 11 60.0 (±6.5) 2421 (±898) 6
C4 (44) 74.8 (±12.3) 4909 (±2932) 21 64.8 (±9.3) 3149 (±2330) 23
C5 (27) 79.8 (±12.7) 5838 (±3115) 14 65.9 (±8.2) 3224 (±1371) 13

Table 1. Physical data for the acoustically tagged mature, sexed cod in the
5 different clusters (C1−C5) yielding data for the present study. Values are
average (±SD) total length and weight for males and females and number 

(N) tagged 
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However, when the distance from release site to the
station of detection was taken into account, station
type (i.e. farm or spawning ground), had a weak but
significant negative effect on the numbers of fish
detected (p < 0.01; Table 2, Fig. 2), with less fish
detected at the farms.

3.2.  Residence index

3.2.1.  Based on catch cluster

Using catch cluster as the grouping
variable, there were 563 residence
indexes recorded involving 433 fish.
The overall mean (±SD) residence
index was 0.45 ± 0.36, and the aver-
age number of days detected was 36 ±
28.8 d. Males had significantly longer
residences than females (Table 3,
Fig. 3). Fish from Lauvøysvaet overall
had the highest indices, whereas
Åkvika fish had the lowest (Table 3,
Fig. 3). The Tukey post hoc test showed
that the residence in dices of fish from
Lauvøysvaet was higher than all areas
except the nearby Glasøysvaet. Fish
from Glasøysvaet also had signifi-
cantly higher residence indices than

fish from Åkvika. No other differences were found
(Table 3, Fig. 3).

3.2.2.  Based on area

Using area as the grouping variable, there were
1032 residence indexes recorded involving 433 fish.
The overall mean index value was 0.35 ± 0.35, and
the average number of days detected was 26 ± 27.5 d
at the spawning grounds compared to an overall
mean index of 0.096 ± 0.16 and an average number of
detection days of 8.5 ± 27.5 d at the farms. Once
again, males had significantly longer residences than
females (Table 3, Fig. 3). The Tukey post hoc test
showed that residence indexes of fish at all spawn-
ing grounds were higher than at the farms (Table 3,
Fig. 3). The residence indices recorded at Lauvøys-
vaet were also higher than fish from Glasøysvaet and
Åkvika (Table 3, Fig. 3).

3.3.  Residence times

A total of 28 475 residence events were recorded
for 479 fish at the different stations. There was no
overall difference in residence time between any of
the spawning grounds or the farms (Table S6, Fig. 4),
but males had significantly longer residence times
than females (p < 0.001; Table S6, Fig. 4). Notably,
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Predictors Fish
Estimates CI p

Intercept 16.22 12.27 to 20.17 <0.001
StType [Farm] −3.87 −6.48 to −1.26 0.004
NREL 0.41 0.32 to 0.50 <0.001
YRS −10.36 −11.55 to −9.16 <0.001
Smooth term (DIST) <0.001

Observations 579
R2 0.749

Table 2. Determinants of the number of cod observed at a
given station during the spawning period. Given predictors
are the parametric explanatory variables Station Type
(StType; categorical variable), number of fish released at a
given distance from the station (NREL; continuous variable)
and years since release (YSR; continuous variable). The treat-
ment contrast of R was used with the intercept value repre-
senting the value for a spawning ground station. Square
brackets indicate a categorical variable tested against the
reference values. For these parametric explanatory vari-
ables, Estimate is the parameter estimate, CI is the 95% con-
fidence interval and p is the p-value for the predictors. For
the smooth term, estimates is the estimated degrees of free-
dom (edf). Significance (bold) was assigned at p < 0.05. Only 

the fixed effects are shown

Fig. 2. Number of cod detected at a station versus the distance to station from
release points across all stations. Left panel (1) represents number of fish on
the year of release, middle panel (2) the year after release and right panel (3)
the second year after release. Blue points: spawning ground stations; red points: 

farm stations. Size of points is scaled to the number of detections
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the included fixed effects explained less than 4% of
the total variation in residence times (Table S6), and
there was considerable variation between stations
within the different spawning grounds (Fig. 4).

Considering only the longest residence time of
each fish yearly and using the spawning grounds as
our unit, there was a significant difference between
the spawning grounds and the farms (Fig. 5). Once

again, males displayed significantly longer maxi-
mum residencies than females (Table 4, Fig. 5). At all
spawning grounds, fish displayed significantly longer
residencies than at the farms (Tukey’s post hoc, all
p < 0.01; Table 4, Fig. 5), but there were also differ-
ences between spawning grounds. Lauvøysvaet cod
displayed longer maximum residence times than cod
at all the other spawning grounds, and Araneset and

Dromnessundet cod had longer maxi-
mum residencies than Åkvika cod
(Table 4, Fig. 5). Cod at Araneset also
had longer maximum residencies than
cod at Gla søysvaet (Table 4, Fig. 5).
Across the different spawning grounds
and years, there were 361 occasions
where cod had spent at least 1 wk
without leaving the area (Glasøysvaet,
n = 54; Lauvøysvaet, n = 159; Arane-
set, n = 46; Åk vika, n = 46; Dromnes-
sundet, n = 56). The maximum re -
corded residency was 89.1 d, and there
were 158 re corded residencies that
lasted more than 1 mo (Glasøysvaet,
n = 19; Lauvøysvaet, n = 79; Araneset,
n = 21; Åkvika, n = 15; Dromnessun-
det, n = 24). In contrast, the longest
residence time recorded at a farm was
47.6 d, there were only 3 occasions
where residencies lasted more than
1 mo and only 19 occasions where cod
had spent more than 1 wk at a farm
during the spawning period.
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Predictors                                                    Res index−catch cluster                                                  Res Index-area
                                                     Estimates                 CI                          p                     Estimates              CI                        p

Intercept                                          0.44a              0.34 to 0.55              <0.001                    0.21a           0.15 to 0.27           <0.001
CC [Lauvøysvaet]                           0.13b              0.05 to 0.22              0.002                                                                           
CC [Araneset]                                 −0.12a           −0.21 to −0.02           0.013                                                                           
CC [Åkvika]                                    −0.18c            −0.27 to −0.10           <0.001                                                                           
CC [Dromnessundet]                    −0.08ac          −0.17 to 0.01             0.085                                                                           
Sex [M]                                              0.12               0.07 to 0.18              <0.001                     0.09            0.05 to 0.12           <0.001
SG [Lauvøysvaet]                                                                                                                 0.17b           0.11 to 0.23           <0.001
SG [Araneset]                                                                                                                      0.08ab         0.01 to 0.15           0.036
SG [Åkvika]                                                                                                                          −0.02a         −0.08 to 0.04           0.506
SG [Dromnessundet]                                                                                                          0.09ab         0.01 to 0.16           0.020
[Farm]                                                                                                                                    −0.16c         −0.22 to −0.10         <0.001

Observations                                                               571                                                                            1032
Marginal R2 / Conditional R2                              0.132 / 0.176                                                              0.144 / 0.159

Table 3. Results of the cod residence index (Res Index) analyses using catch cluster (CC) or spawning grounds (SG) as the
grouping variable. Square brackets indicate a categorical variable. The treatment contrast of R was used with the intercept
representing the value for females at Glasøysvaet with values for the other CC/SG showing how they compare to this refer-
ence value. Letters show the results of Tukey’s post hoc tests, with different letters indicating significant differences (p < 0.05). 

Significant p-values are shown in bold. Only fixed effects are shown

Fig. 3. Residence index during the spawning period for cod using catch clus-
ters as grouping variable (left panel) and using spawning ground as grouping
variable (right panel) for females (circles) and males (triangles). Points: mean 

values; error bars: SE
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3.4.  Origin of fish at the different spawning grounds

There was some connectivity be tween all
spawning grounds, with the only exception being
that fish from the Glasøysvaet catch cluster were not
detected at the Araneset spawning ground (Fig. 6).
There was a significantly higher proportion of mi-

grant spawners de tected at the Lau-
vøysvaet spawning ground than at
Araneset and Åk vika and more mi-
grant spawners detected at Glasøys-
vaet than Araneset (Fig. 6, Table 5).
The main influx of migrant spawners
in Lauvøy svaet was from the adjacent
Glasøy svaet spawning ground and vice
versa (Fig. 6). When fish from Glasøys-
vaet or Lauvøy svaet were omitted from
the an alyses, there was no difference
in migrant proportion between any of
the grounds.

4.  DISCUSSION

Using acoustic telemetry, we inves-
tigated space utilization of 481 mature
and sexed Atlantic cod Gadus morhua
caught and released at 5 different
spawning grounds. Acoustic receivers
were positioned in clusters on these
spawning grounds as well as on 6
salmon farms at varying distances

from the grounds. Individual cod resi-
dency was generally higher at the
spawning grounds close to farms but
low at the farms themselves, and there
was little indication that the tagged
cod spawned at the farm localities. In
contrast, pronounced spawning activ-
ity occurred at the spawning grounds.
The finding that spawning grounds
close to salmon farms showed the
longest residences could, in theory, be
related to the nearby farming activity,
but further research is needed to
establish if this is the case.

4.1.  Attraction of cod to salmon farms

There are numerous conflicting stud-
ies on the residence of cod underneath
salmon farms. Some studies suggest

that cod are attracted to farms, principally by the
opportunity to feed on farm waste, either directly or
indirectly by preying on the fish as semblages
underneath the farms (Dempster et al. 2009, 2010,
2011, Uglem et al. 2014), while other studies sug-
gest that cod may use olfactory cues to avoid
salmon farms (Sæther et al. 2007, Bjørn et al. 2009).
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Fig. 4. Residence time during the spawning period for cod at the different stations
in the grid. Dotted lines separate different spawning grounds and/or farm sta-
tions. Values are shown for both females (circles) and males (triangles) at each
station. For each individual fish, the mean residence time at each station was first
calculated separately. These values were then used to calculate the mean across
all fish present at the station, i.e. the mean of these mean values. Error bars: SE

Fig. 5. Longest residence times of individual cod during the putative spawning
period at each of the different spawning grounds and at the farms during the 

study years. Dotted line indicates a residence of 7 d
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We found that cod were more likely to be found
on the spawning grounds than at the salmon farms
(Fig. 2). This is not unexpected, as cod were caught
and released at the spawning grounds and were thus
generally closer to spawning ground stations than
farm stations when released. However, fish were also
less likely to be detected at a farm than a spawning
ground station when accounting for distance from
release point (Table 3). The tagged cod were thus not
aggregating at the farm stations. In apparent con-
trast, Uglem et al. (2008) caught and released mature
cod around a cod farm and observed that a large per-
centage (50−83% in their batch 1; 40−80% in their
batch 2) of the tagged fish was detected at the farm
weekly during their 12 wk ex perimental period.
Some of their tagged fish also visited local spawning
grounds, although it is unclear if the latter fish also
exhibited prolonged presence at the farms. A possi-
ble explanation for these contrasting results is that in
the present study we caught, tagged and released
fish at the spawning grounds and not at the farms.

4.2.  Residence index and residence times at the
different spawning grounds and farms

Residence index is a common measure of habitat
use in acoustic telemetry studies (Zhang et al. 2015,
Bordeleau et al. 2018, Lopez-Garro et al. 2020) and can
also be used to examine spawning dynamics. Here,
we used residence index to assess if proximity to

salmon aquaculture farms impacted
spawning dynamics on nearby grounds.
Cod could, in theory, leave spawning
grounds in the vicinity of salmon farms
due to either (1) moving to the farms or
(2) abandoning these spawning grounds
altogether. Regarding point (2), farm-
ing practices have been shown to sub-
stantially alter surrounding habitats
(Kutti et al. 2007a,b, 2008, Valdemarsen
et al. 2012, Bannister et al. 2016), possi-
bly rendering nearby spawning grounds
less attractive for breeding fish. For
both points (1) and (2), the residence
index at the spawning grounds would
be expected to de crease, whereas (1)
would also manifest itself as fish with
long residences at the farms. As out-
lined in the previous paragraph, the
tagged cod did not aggregate in large
numbers at the farms, and the resi-
dence index of fish detected there was

shorter than for all spawning grounds (Fig. 4). How-
ever, cod were not avoiding the spawning grounds
near the farms (i.e. Glasøysvaet and Lauvøysvaet); if
anything, the opposite was observed. This was espe-
cially true if considering catch cluster as the grouping
unit (Fig. 4). If the spawning grounds were used as the
grouping unit, this result was not as clear, but cod us-
ing the Lauvøysvaet ground still exhibited the numer-
ically longest residences (although only significantly
different from Glasøysvaet and Araneset). In theory,
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Predictors Migrant
Log-odds SE Statistic p

Interceptab −0.54 0.17 −3.30 0.001
[Lauvøysvaet]b 0.29 0.22 1.31 0.189
[Araneset]c −1.20 0.33 −3.59 <0.001
[Åkvika]a −0.52 0.25 −2.11 0.035
[Dromnessundet]abc −0.37 0.27 −1.36 0.175

Observations 699
R2 Tjur 0.042

Table 5. Results of the generalized linear model showing dif-
ferences between spawning grounds in the likelihood of de-
tected cod being migrants, i.e. fish that were not released on
the spawning ground in question. Square brackets indicate
a categorical variable.The treatment contrast of R was used
with the intercept representing the value for Glasøysvaet
and the value for the other spawning grounds showing how
they compare to this reference value. The letters show the
results of Tukey post hoc tests, with different letters indi-
cating significant differences (p < 0.05) between spawning 

grounds; significant p-values are shown in bold

Longest residence (days)
Predictors Estimates CI p

Interceptad 6.54 3.75 to 9.33 <0.001
[Lauvøysvaet]b 14.33 10.93 to 17.74 <0.001
[Araneset]c 6.34 2.11 to 10.58 0.003
[Åkvika]d −1.89 −5.50 to 1.73 0.306
[Dromnessundet]ac 4.01 −0.00 to 8.02 0.050
[Farm]e −7.81 −11.20 to −4.43 <0.001
Sex [Male] 6.03 3.92 to 8.14 <0.001

Observations 1110
R2 / R2 adjusted 0.182 / 0.177

Table 4. Explanatory variables included in final models of cod residence time
(Res Time). Given predictors are the effect of the categorical variables area
and sex. Estimates is the parameter estimate of the predictor, CI is the 95%
confidence interval and p is the p-value. Significance (bold) was assigned at
p < 0.05. The treatment contrast of R was used with the intercept representing
the value for females at Glasøysvaet and the value for the other areas and sex
showing how they compare to this reference value. Square brackets indi-
cate a categorical variable. The letters show the results of Tukey post hoc tests
for the different areas, with different letters indicating significant differences. 

Only fixed effects are shown
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this be haviour could be linked to the farming activi-
ties. Cod could be attracted to the salmon farms (e.g.
Uglem et al. 2008, 2014, Dempster et al. 2009) and, al-
though not spawning underneath the farms, they be-
come more prone to using the nearby spawning
grounds. In short, spawning grounds usage may have
changed when salmon farming started. Given that we
have no data on the situation prior to the advent of
salmon aquaculture (there are currently more than 30
operational salmon farms in the larger regional study
area), we cannot assess whether the spawning dy-
namics of the different spawning grounds have
changed qualitatively from that of the pre-farm situa-
tion. Such effects could theoretically be pinpointed
through the use some variant of a before−after, con-
trol−impact (BACI) design to determine how the sys-
tem might change after an environmental perturba-
tion (Hogg & Williams 1996, Tuck et al. 1998,
Stewart-Oaten & Bence 2001, Carstensen et al. 2006).

Cod have a complex, lek-like mating system (Brawn
1961, Hutchings et al. 1999, Nordeide & Folstad 2000,
Meager et al. 2009, 2010, Skjæraasen et al. 2010),
commonly involving distinct sex-dependent spatial
and temporal dynamics (Meager et al. 2010, Skjæ -
raasen et al. 2011, Dean et al. 2014, Zemeckis et al.
2014). The consistently longer residence indexes and
residence times of males compared to females at all
spawning grounds sheds important new light on the
cod mating system. It tentatively agrees with the lek-

hypothesis of cod mating (Nordeide &
Folstad 2000, Windle & Rose 2007),
whereby male cod form a more sta-
tionary and resident shoal with
females being more mobile and having
larger home ranges during spawning
(Meager et al. 2010). The residence
index and length of stay reported here,
i.e. on average 26 d, is in the upper
range of what has pre viously been re -
ported for telemetry studies on spawn-
ing cod (Robi chaud & Rose 2003, Mea-
ger et al. 2009, Dean et al. 2014).

Individual residence times or meas-
ures of stationarity indicated no over-
all differences between the spawning
ground stations and farm stations dur-
ing the spawning period, although
there was considerable variability be -
tween the different stations within
areas (Fig. 5). This does not mean that
behavioural differences do not exist;
indeed, that is likely to be the case. It
is more likely that these differences

will not manifest themselves in residence times cal-
culated from presence/absence data as done here.
The spawning ground stations showing the longest
residence times may be located close to or at spawn-
ing hotspots within the grounds (Fig. 4).

Considering the spawning grounds as one unit and
comparing the longest uninterrupted residence time
between the spawning grounds and the salmon
farms gave contrasting results (Fig. 5). A strength of
the present study is that we ascertained the spawn-
ing status of fish by ultrasound, biopsies and check-
ing if males were running ripe. Cod are batch spawn-
ers, with females releasing numerous batches at
semi-regular intervals during the spawning period
(Kjesbu 1989, Kjesbu et al. 1996). The batch intervals
are temperature-dependent and, at 3−6°C (the tem-
perature in the study area during the spawning
period; van der Meeren 2019), females are expected
to release a batch every 3−4 d. The length of the
spawning period for individual fish will vary depend-
ing on size and condition (Kjesbu 1989, Kjesbu et al.
1996), but it is likely in the order of 2−4 wk for our
tagged fish. Hence, it is unlikely that individual fish
would actively be spawning for the total duration of
what we have defined as the (group) spawning
period, and thus a shorter presence during this period
does not conclusively demonstrate spawning. On the
other hand, as the release of a batch of eggs itself will
only take minutes or even less, spawning could still
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Fig. 6. Origin of cod detected at the 5 different spawning grounds. Size of pie 
charts are scaled to the number of fish detected
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take place during very short residences. Even so, the
many fish that had spent very long uninterrupted
periods (weeks and months) at the different grounds
indicates spawning activity, and, as stated previ-
ously, the number of days cod spent on the grounds
(i.e. the residence index) was generally longer than
previously reported for spawning cod (Robichaud &
Rose 2003, Meager et al. 2009). In contrast, with
some exceptions, the longest uninterrupted residen-
cies for individual cod at the salmon farms were short
(<1 d). This indicates that for our study fish, pro-
nounced spawning activity was not taking place
underneath the farms.

The usage of local spawning grounds may wax and
wane over the years (Gonzalez-Irusta & Wright 2016).
Our focal grounds were chosen and delineated based
on existing information from fishermen collated by the
Norwegian Fisheries Directorate. The present study
shows that all focal grounds are currently actively
being used by spawning cod. However, ground-wise
differences also existed. We do not have data allow-
ing the ground-wise estimation of cod abundance,
but qualitatively, the Lauvøysvaet ground appears to
be utilised more than the other grounds.

4.3.  Origin of fish at the different spawning grounds

There was some connectivity between all the differ-
ent spawning grounds. Most importantly, cod moved
between the adjacent Lauvøysvaet and Glasøysvaet
spawning grounds, although fish from these grounds
also were observed at the 3 other spawning grounds
and vice versa. Broadly speaking, most movements
were between the spawning grounds at the same
side of the fjord-system, i.e. between Lauvøysvaet
and Glasøysvaet, and between Aranest, Åkvika and
Dromnessundet. Movement between Lauvøysvaet
and Glasøysvaet aside, there appeared to be little
difference among spawning grounds in their capac-
ity to attract fish that were caught, tagged and re -
leased at the other grounds.

4.4.  Caveats

There are 3 main caveats that need to be acknowl-
edged in the present study. Firstly, cod were caught
and released at the spawning grounds. As a group,
they then did not end up underneath the farms or
appear to spawn there. However, cod are undoubt-
edly observed underneath salmon farms (Dempster
et al. 2009, 2011, Uglem et al. 2014), as also found

here. Conversely, if we had actively tagged and re -
lease fish underneath the farms, this might have
yielded different insights. Indeed, 19 cod spent >1 wk
at the farm stations, possibly engaging in spawning
activity with untagged cod underneath the farms.
Secondly, only one hydrophone was deployed at
each farm. It is possible that features associated with
the farms (e.g. the cages, lice skirts, biomass of cul-
tured fish, etc.) reduced the likelihood of detection
around the farms somewhat compared to the spawn-
ing ground stations. We therefore advocate further
studies on the effect of salmon farming on cod repro-
ductive dynamics to evaluate the generality of our
findings. Thirdly, we assessed present-day spawning
dynamics and spawning ground usage and cannot
assess if such dynamics changed upon farm arrival.
Despite these caveats, our analysis clearly indicates
that the presence of salmon farms has limited effects
on the spatiotemporal spawning dynamics of cod
presently utilising nearby spawning grounds. The
farms are not attracting large numbers of spawners
from the grounds, nor are they causing cod to leave
the grounds altogether.
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